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This paper repw s nuclear quadrupolc rcsonamx studies in superconducting

LazCu04 +~, The role o.’cooling was found to significantly alter the transition temperature

by as much as 6K. Analysis o!’ NQR data reveals a prcscncc of a more disordered phaw

whose intensity incrcascs as the cooling rate and a large shifl in the NOR frqucncy

Abrupt shI!ls in the NQR frequency w~w also oiwrvcd and were interpreted iis it

signature of’ local Stnlcturiil tinomaly.
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Structural propcuties of oxygen-armealed polycrystals of La2Cu045 (6 - 0.03) have been

studied using 139La NQR spectroscopy. Superconducting critical temperatures were found

to depend on the rate of cooling through a narrow temperature range at about 195K. Pfclimi-

rmry analysis of the *39LaNQR spectra suggest that the oxygen-rich phase-scpamtcd wgion

is compo,sed 0[ two structurally distinct phases, both of which arc metallic and super-con-

ducting. Onc pha.sc has a structure clo.sdy rclutcd to the stoichiomctric oxygen-poor com-

pound. The ,smxmdshows a considcrahlc amount of apicid oxygen disorder, a large shifl in

NQR frcqwcy VQ,m.! a vdumc fraction which in~re~~s with c(~f~lingrutc. TIw formation

of the .swmd ph~w twl(nv -200K is indicative of the frtxw.ing of Cl@ octahedral tilting.

Ablupt shifts in VQntmvc ‘rC.were also observed ft~rboth PhWX. suggestive of o IOCU1struc-

tural anomaly or chnrgc trunsitr to the CU4 ) phmc.



L Introduction

Since the discovery of filamen~ superconductivity in nearly stoichiometric

La2Cu04 and a subsequent confirmation in mixed-phase oxygenated La2CuO+~, phase

separation in the cuprates has been the subject of many experimental and theoretical

investigations. 1 It is well known that La2Cu046 segregates to form oxygen-rich and oxy-

gen-poor (nearly-stoichiometric, 6- O)regions below the phase separation t~mperature TP~-

260K. Estimates based on NMR and NQR data show that the amount of holes doped into

each region remains constant down to low temperatures.2 While both phases have very

closely related orthorhornbic structures due to the tilting of the CU06 octahedra, the oxy-

gen-rich region is metallic and superconducting while the oxygen-poor region exhibits

antiferromagnetic order. Recently, ~he existence of new superconducting phases in high-

prcssuie oxygen annealed La2Cu04+~ hrusbeen reported.4 Three superconducting on.~L$

were found depending on the cooling process. A more systematic smdys on high quality

sampkx indicated that the supcrccmducting transition depends critically on the rate at which

the sample is COOICCIthrough a very narrow range of tcmpcrcturc in the vicinity of 195K, and

that the ‘Tc’scan vary by as much tus5K depending on the cooling rate. Tinis cooling rate

dcpcndcnt Tc behavior has also been ob:crved in YBa2CU307 samplcs,~ where it has been

interpreted that anmmling at room tcmpcraturc cau,scs local ordering of oxygen in the chains

which incrwws Tc. Indeed, muny invcstig&tors tdicvc thut Slructura] c!fccLs phiy a signifi-

cant role in the stlpcrct~t~~l~ctivityof the cuprutcs. it is thcrcfow important to pr~widc as

much information as p~~ssihlcon the microscoi~ic swucturc ml its effects on superconductiv-

ity in the.scsystems.
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139Lanuclear quadruple resonance (NQR) is a sensitive probe of local electronic,

magnetic, and structural properties of the La2(MC)4+5system. Local magnetic fields at La

sites due to ordered moments within the sample split otherwise degenerate nuclear

quadruple levels, while tho.sc of the paramagnetic part of the sample remain unsplit,

providing a clear and unambiguous distinction between the antiferromagnetic phase and the

non-magnetic metallic phase in the sample. 7-8

JI. Experiment

Samples of single crystal La2Cu04 were prepared using conventional techniques.

These were crushed into powder, oxygenated in a bomb under 3 kbar of pressure and an-

neidcd at 525-C for 12 hours. Superconducting transition temperatures were determimxi by

a SQUID magnetometer, and their dcpcndcncc on the cooling rate wtusstudied systematically

as th!scrihcd elscwhcrc,s A jti.w cool (“qucnchcd”) NQR run was performed by pumping

liquid helium inl(~the sample cryostat through a ctipillury, cooling the sample at an tivcrt.tgc

rate of 3300K/hr, whcrms a sknv cool run was u controlled cookiown at a rate of 9K/hr, Wc

found sharp superconducting trtmsition tempcmwrcs Tc of 25K for the fa.%‘*oo1run and 30K

for the slow cool, with no browlcning of the susceptibility curve, indicating a rmrrow distri-

bution of 7’C’S.The NQR spccm were mkcn using a puked NMR spcctromc(er on the

k7/2++*5/2 trtii~si[ionby sweeping the frcqucrwy wilh h calihrutul Si,gnid source. The rcpcti-

titm rates tmd [tw Iwndwidths were kcp[ cxmstun[for slow and fas[ UO(]Iruns, Fourier trtins-

form spcc[rn were nls(~ttikcn whcncvcr the pcnks were CIO,SCenough to lx covcrcd hy the

spcctromutcr bi~l]dwidth,The lines were then fitted 10 n Lorcntrinn function from whi~-hIhc

ccntcr pcnk frcqutncics were dc[crmincd, For br(w.! mm-Lorcntz.inn Iincs, the ccntroid frc-

qucncics were unlcuhucd,



111. RWIILS and Discussion

Figure 1 shows the lq9La spectra at 200K, 160K and 4.2K for the *7/2-*5/2

transition, The two peaks labeled AF come from the antiferromagnetic phase, while M1

comes from the metallic phase. The antiferromagnetic lines are split by the internal mag-

netic field as expected from first order perturbation theory, The coexistence of the AF and

M 1 lines is an evidence for phase separation. At high temperatures the M 1 line is narrow,

but it broadens somewhat as the sample is cooled. Its relative integrated intensity was

determined to be nearly independent of temperature, and corresponds to about 10’%-15% of

the sample below 200K, Although not obviously visible at 4,2K, its existence is required to

adequately fit the sp’ctrurn, Other workersg have also observed a weak *3/2+-*1/2

transition tit-6.35 MHz ar,d 4,2K in supercmducting La2CuO+6, This line has been

associated with the metallic phase since it is absent in undoped samples. Its resonance

frequency is consiswnt with the NQR frequency of our M 1 line.

A broad non-Lorcntzian feature is also observed fit lower frequencies (M2 in fig 1),

Its integrated intcnsi[y is roughly 4(YXIof the total, This Iinc disappears above - 190K with

no hysteresis. As shown in the figure, tt,e magnitude of the M2 rclutivc to the AF phase in-

crcuscs with thr cooling m!c, This prompts us to Iw!ieve that M2 provides a clue to the cool-

ing rvtc dcpcmlcnv.: of Tc in this material. An incrcmc in the Iincwidth wcw UIS(Joh.smwd

for N1the :incs up{mc(wling$ os wos also ~hcrvcd in nc~ly-st~~ich]on~ctricsiunplcs.g



lines at all temperatures, except below -Tc where large deviation occurs. The M2 line fol-

lows asimilar temperature dependence as Ml, suggesting that M2isalso asuperconduct.ing

phase. Within experimental error, we found no difference in the peak positions for all the

lines as a function of cooling rate.

The large width and non-Lorentzian shape of the M2 line indicate considerable

disorder in the electric field gradient at La sites in this part of the sample. If this disordered

EFG were due directly to the excess oxygen, it should also broaden the M 1 line, which is not

split and hence must arise from an oxygen-rich region. Apparently, near-neighbor shells

13gLa nuclei around excess oxygen sites are completely “wiped-out” of the NQR line, and

the most distant nuclei are not directly affected. C)rdy these lanthanum which are farther

awav from any excess oxygen are seen in the spectra. The broadening of the M2 line,

therefore, must come from another source.

Onc possibility has to do with the freezing of the Cu06 Ott.aiiedridtilts. The CU06

ocmhcdra are intrinsically unstaMe to tilting distort-ions which cm be stahilizcd by tcmpcra-

turc dcpcndcnt forces. lo At high t.cmpcraturcs but below TPS,thw octahedral tiit$ may shift

rapidly bctwccn the two dcgcncratc HIT( 11O) and WIT( II()) rotation axts,’o causing the

apical oxygcns to rnovc closer to the La atoms tmd change the electric fickl gradient. For

i~st cooling, mm octtihcdra moy lw from irl an intcrmcdiatc (e.g., Pccn) symmetry

contributing to broodcning and incrcascd intensity of the M2 phaw. It is riot clcur from our

dtito why T~’is rcduw.i for fast cooling, but it may huvc some c(mncction with 8 chtirgc

rcdistrihu[i(m uss(~~iiit(:d with this (~~tiih~d~iiltilting as wc Shiilldiscuss below.



What is the origin of the observed shift of the NQR frequency of the metallic lines

at about Tc”? Such behavior is also seen in superconducting and non-superconducting

La2.XBa~uC)d,11 Cu NQR in YBa2Cuq@ also exhibits a similar anomaly of roughly the

same magnitude at Tc for both the chain and plane sites. 12 Generally, changes in NQR

frequencies are structural in origin and can be caused by a me structural phase transition or

changes in vibrational or torsional phonon modes. It appears though that lattice instability

and changes in the local structure are common phenomena in the cuprates. A structural

phase transition at -40K has not been detected by neutrons in the present compound.

However, atomic pair distribution analysislq on several cuprates reveal that in the vicinity of

Tc, significant deviation of local structures from the crystallographic averages are present

without forming long range order, Anomalies at -Tc have also been observed in thermal

expansion coeffi~ien[, elastic constants, and specific heatlA both in undoped La2Cu04 and

superconducting Lal,85Sro,ls~uOd.

A charge transfei mechanism, either alone or in conjunction with lattice effects,

could also shift the NQR frequency. Any intrn-atomic change in electric field gradient due

to charge transfer also modifies the electronic configuration at La sites. This mechanism has

been invoked in the YBCO systcm, where systematic changes in the Cu( 1)-0(4) bond-length

were observed to be related to Tc and oxygen deficiency. Is ‘1’hcLa-O layers can be thought

of as chiwgc rCsCrv(Jir$, analogous to Cu-() chains in YBa2Cu@x. Structural changes, such

as tilting of CU-06 octuhcdra, buckling of the Cu-() bonds, or bond-length compression

could induce ~htlrg~ redistribution, either delocalizing or enhancing the density of hole-carri -

crs on the Cuf12 luycrs. Their occurrence at Tc suggests that charge transfer andhr Iatticc

instilhility arc inlimii[rly conncctcd tt~superconductivity.

6



IV. Conclusion

In summary, we investigated the effects of the cooling rate on the microstructure

of superconducting La2CuOM using lq9La NQR. We observed the appearance of an addi-

tional phase whose behavior resembles that of the metallic phase, but whose intensity in-

creases with the rate of cooling. Charge transfer associated with octahedral tilting has been

invoked to explain the cooling rate dependent superconductivity. We also observed anoma-

lies in La NQR frequencies near Tc which we attributed to changes in local structures.
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FIGURE CAPTIONS

Fig. 1 139LaNQR spectra at 200K, 160K and 4.2K. The intensities for the slow and fast

cool data arc normalized against the antifcrromagnctic peaks.

Fig,2 Temperature dcpcndcnce of’ positions of NQR peaks in figure 1. The M2 peaks arc

obtained from the first moment af[cr subtracting contributions from other peaks. Lines arc

guides to the eye,
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